It is shown that the method of contactless current measurement (CCM) makes it possible to perform rapid monitoring of the state of corrosion protection in different sections of underground pipelines, determine the state and detect defects in the insulation of underground pipelines (UGP). The method of simultaneous measurements of direct-current and alternating-current voltages enables us to determine the polarization potential (with removal of the Ohmic component) which is regarded as the main criterion for the monitoring of electrochemical corrosion protection of the metal in conducting media. The realization of this method in the equipment aimed at measuring the polarization potential makes it possible to detect defects of the insulation both by using an alternating current (Pearson method) and according to the potential drop on the surface of soil (gradient method). The use of a GPS modulus in the developed BVS-K installation guarantees the possibility of automatic determination of the geographic coordinates and the time of measuring the current and depth of the underground pipelines, which strongly facilitates the procedures of processing and documentation of the results of inspection, in particular, in the course of determination of the current density, current losses, and the "pipe-ground" transient resistance in different sections of the underground pipeline. The contactless current measurements together with the measurements of the polarization potential enable us to determine the distributions of densities of the currents of corrosion protection, the resistivities of soils around the pipe, and the protective insulation in different sections of the underground pipeline.
The processes of corrosion of underground pipelines (UGP) often lead to their damages accompanied by the losses of transported products with severe ecological consequences and play the role of the main factor responsible for the time of trouble-free operation of the pipeline systems [1] . The steel UGP are protected against corrosion by insulating coatings and cathodic polarization. Since the insulating coatings usually age and fail much faster than the metal and the electrodynamic situation on routes of pipeline changes with time, the state of both passive (insulation) and active (electrochemical, i.e., polarization) corrosion protection (CP) should also be periodically inspected along the entire length of UGP [1, 2] .
The diagnostic inspections of UGP are commonly realized by using contact electrometric methods (CEM) [2, 3] . As the main disadvantages of these methods, we can mention the complexity of getting sufficiently many points of reliable contact of the measuring instrument (voltmeter) with the metal of the UGP and the soil and the local character of control. These disadvantages are removed if we use the contactless methods [1, 4, 5] among which only the methods and means of determination of the location of UGP (route locators) and the devices aimed at measuring the depth of location of UGP are used fairly extensively. However, the contactless current measurements (CCM), which noticeably exceed the CEM in the efficiency and productivity of inspections of the UGP and give new information about the state of CP are used insufficiently often because, for this purpose, it is necessary to have special equipment and the methods for processing the data of measurements.
On the basis of the results of theoretical and experimental investigations carried out in the Physicomechanical Institute of the Ukrainian National Academy of Sciences, we developed a method, created new models of equipment for the CCM, and proposed a system of complex diagnostic inspections and monitoring of the CP of UGP. In what follows, we describe the methods aimed at the inspection and determination of the parameters of CP of UGP according to the data of contactless measurements of currents and new contact measurements of the DC and AC voltages with determination of the polarization potential and the possibility of their combined application for the corrosion monitoring of UGP.
Online Inspections of the UGP by the CCM Method
The main features of inspections and monitoring of the parameters of CP of the UGP by the CCM method were described in [1, [4] [5] [6] (see also the references therein). For practical purposes, it is important to measure the variable AC component of the rectified pulsating current of the installation for cathodic protection (CPI) [1, 5] (in the absence of which, it is necessary to measure the current excited in the UGP by a special generator). At different sites of the UGP, currents are measured with the help of BIT-or CCM-type equipment. As a result, we determine the distribution of currents, which enables us to make conclusions concerning the state of protection and the most probable locations of corrosion processes [4, 5] .
In measuring the currents in UGP, it is important to check the presence of noise and take it into account in the course of processing of the data of measurements [6] . It is also necessary to check and guarantee the stability of the power source or take into account its instability.
Integral inspections were performed near the CPI by measuring currents in all legs and lines of the pipelines connected to the installation. We determined the distributions of current losses in the CPI between the lines of pipelines and used these distributions to determine the relative integral estimates of the transient resistance of protective coatings [1] , which makes it possible to rapidly detect the legs of pipelines with anomalously high losses of the CPI current and with low-quality insulation. These legs require immediate inspections for the determination of the necessity of repair or of the correction of the means of CP with an aim of their optimization.
Differential inspections are carried out in the form of the measurements of currents at different points along the UGP. The differences between the values of currents J n (n = 0, 1, 2, …) flowing through the pipeline at the points l n of its length are used to find the absolute losses of current within the intervals Δl n = l n − l n−1 of length of the UGP between the measurements
the specific losses of current per unit length of the pipeline, i.e., the linear density of inflow (outflow) of current,
the relative losses of current per unit length of the pipeline, i.e., the relative linear density of inflow (outflow) of current
where J nc = (J n + J n−1 )/2 is the mean value of current over the nth interval of the pipeline. The lengths of the intervals Δl n in the pipelines are measured with measuring reels, by steps, or by using some other devices. Unlike these methods, the BVS-K-type GPS modulus installed in the equipment gives the coordinates (ϕ n , λ n ) measured in degrees, height over the sea level, date and time of measurements and these data are stored in the memory of the BVS-K device.
To compute the distance between the points of measurements with coordinates (ϕ 1 , λ 1 ) and (ϕ 2 , λ 2 ) on Earth's surface, we use the following haversine formula [7] Δl = R ⋅ 2 arcsin sin 2 Δϕ 2
where Δϕ and Δλ are the differences between the latitudinal and longitudinal coordinates in radians, respectively, and the mean radius of the Earth is R = 6371032 m. The relative specific current loss δJ is, in fact, equal to the decay of current along the UGP. It is reasonable to compare it with the decay of the electromagnetic wave in soil described by the well-known formula
where f is a frequency (Hz) and µ and σ g are the magnetic permeability (Hn/m) and electric conductivity of soil (Ω ⋅ m) −1 , respectively. We assume that the soils are, as a rule, nonmagnetic (µ = µ 0 ). Thus, for the critical decay (relative loss) of current, we get [1] the following formula:
If the relative losses of current in a section of the UGP exceed the critical value δJ n > δJ cr , then, in this section, the insulation is unsatisfactory. Thus, we obtain qualitative estimates of the insulation in different sections of the UGP.
The procedure of CCM enables us to determine the quantitative values of the "pipe-ground" transient resistance R mg used for the evaluation of the quality of electrochemical corrosion protection of the UGP and in order to form the schedule of maintenance of protective coatings. According to the decay of the current in the nth section of the pipeline, we compute R mg (per unit surface of the pipe with diameter D) by using the wellknown formula [1] 
where R b is the input resistance of the pipeline (in the absence of the other data, for the main UGP, we can set
New Methods of Electrometric Inspections
In the course of electrometric inspections, for the monitoring of the cathodic polarization of UGP, we measured the drop of potentials U mg between the metal of the structure and the reference electrode installed on the surface of the soil [2] . As a result, we get the polarization potential with the Ohmic component. To measure the polarization potential U p , it is customary to use the relaxation method according to which it is necessary to simultaneously switch off all CPI polarizing the analyzed section of the pipeline.
To locate the sites of damage to the protective coating of the UGP, we place two electrodes on the surface of soil over the pipeline and measure either the AC component of voltage V gg (Pearson method) or the DC voltage U gg (method of transverse gradient of the potential) [2] . The combination of these measurements enables us to determine the polarization potential by the following formula [8, 9] :
To realize this method, we developed special equipment for measuring the DC and AC electric voltages, and the polarization potential (PPM) [10, 11] with electronic memory. We can use the procedure of PPM for the monitoring of the CP of UGP and other metallic structures. In the PPM-М version, the GPS modulus is installed in the equipment, which enables us to additionally automatically record the place and time of monitoring. This significantly facilitates the procedures of processing and documentation of the data arrays and, in particular, the combination of measurements of potentials with measurements of currents in the course of their processing and determination of the parameters of CP of the UGP.
In relation (7), the second term is the Ohmic component of the potential [8] [9] [10] [11] [12] , which also characterizes the state of the protective coating. The ratio of the AC voltage to the DC voltage
is the measured harmonic factor, which specifies the ratio of the loss of measured AC component of the current to its DC component. We use this parameter to evaluate the losses of the DC component of current of the CPI in sections of the UGP [4] [5] [6] and to determine the distribution of the current density of cathodic protection [13] .
New Procedure of Complex Inspections of the CP of UGP
To illustrate the complex method, we consider the results of monitoring of the corrosion state of UGP according to the data of measurements obtained by using the developed CCM-K and PPM-М devices in the course of full-scale tests and experimental inspections of the sections of gas mains of the "L'vivtransgaz" Department of Gas Mains.
A part of results of contactless measurements of the depth of location h of the UGP and the component J of rectified pulsating current of the CPI varying with a frequency of 100 Hz by the CCM-K device and contact measurements of the constant voltages and voltages varying with a frequency of 100 Hz and polarization potential by the PPM-М device are presented in Table 1 . The points of measurements l n are determined according to the GPS coordinates stored in the memory of the instrument by formula (4) . In this case, the points of measurements of currents and potentials coincide. However, they may be different. The distributions of the depth of location of the UGP h(l) along the route and the current J(l) obtained according to the results of the CCM -K are graphically displayed in Figs. 1 and 2 . It is known that the current in the UGP decreases with increase in the distance from the CPI or another source and, on the contrary, increases as the distance from these objects decreases. If the CCM gives a nonmonotonic behavior of the current, then we consider the deviations from monotonicity as errors (or faults) of measurements and, for their subsequent correct processing, they should be smoothened [6] . The distribution of the relative current losses δJ(l) along the UGP determined according to the data of measurements of J n from relation (3) is graphically displayed in Fig. 3 . The segments of the UGP with worse and better insulation are determined by analyzing this plot.
Table 1. Measured Parameters of Corrosion Protection of the UGP (Fragment)
To evaluate the quality of insulation of the UGP, we compare the obtained relative current losses δJ(l) with the critical decay (5), which depends on the resistivity of soil ρ g . It can be measured by using the wellknown four-electrode installation or found according to the results of measurements of current in the UGP and the voltage on the surface of soil [14] by the following formula: where x is the distance between the electrodes. Under the actual conditions on the routes of UGP, ρ g varies within the range from 10 to 100 Ω ⋅ m. For a current frequency f = 100 Hz, by using formula (5), we obtain the range of variation of the critical decay from 0.63 to 0.2 %/m. Setting the mean value for this section equal to ρ g = 30 Ω ⋅ m, we get δJ cr = 0.36 %/m (Fig. 3 , the dashed line) as the level of the critical decay of current for a given section of the UGP.
At two sites in the intervals n = 5, 6 and n = 15, 16 (l = 46-76 m and l = 206-248 m), the decay of current δJ exceeds the critical value δJ cr , which means that the insulation of UGP is unsatisfactory in these sites. The numerical results of measurements and the results of determination of the parameters of corrosion state in these and adjacent areas of the UGP are presented in Table 2 . It is clear that the detailed inspections of the UGP should be, first of all, performed just in these regions.
The quantitative estimates [performed by using relation (6) ] of the distribution of transient "pipe-soil" resistance R mg obtained by the method of CCM of the UGP with a diameter D = 0.7 m are depicted in Fig. 4 by the solid line. At the indicated two sites, we have R mg < 10 3 Ω⋅m 2 , which, according to standard specifications [2] , confirms the previous qualitative estimates (Fig. 3) concerning the unsatisfactory insulation. The results of measurements of the DC and AC "pipe-soil" voltages U mg and V mg , the "soil-soil" voltages U gg and V gg , and the polarization potential U p by the PPM equipment are presented in Figs. 5 and 6. As follows from Fig. 5 , the values of U mg and V mg at the indicated two sites of the UGP substantially increase. According to the method of transverse potential gradient and the Pearson method, this indicates the sites of defects in the protective layers of the UGP and confirms the conclusions obtained by the CCM. The measured values of the "pipe-soil" potential U mg (l) (with the Ohmic component) and the polarization potential U p (l) , in general, decrease along the UGP as the distance from the CPI increases (Fig. 6 ) and, at the indicated two sites, we observe local lowerings. In this case, at the first site of damage of the insulation (46-76 m), the value of polarization potential (main criterion of the electrochemical corrosion protection) U p < -0.85 V meets the prescribed requirements [2] . At the same time, at the second site of damage of the insulation of UGP, the polarization potential does not meet the requirements of electrochemical protection: U p = -0.801 V within the interval n = 16 (222.4 < l 16 < 247.8) and, hence, the corrosion protection is not guaranteed ( Table 2) . At this site, the probability of appearance corrosion defects of the UGP is maximum and, therefore, it is necessary to repair the insulating coating of the UGP or correct the cathodic polarization.
The boundaries of the section of UGP with unsatisfactory corrosion protection (the state of protection and polarization) can be determined more precisely by the proposed methods as a result of additional measurements with intervals of 1-2 m.
The resistivity of insulation R i , as a normative quantity characterizing the state of passive corrosion protection of the UGP, for each interval l n between the points of measurements of current in the UGP, is given by the formula [1, 2, 4] 
where the density of the DC component of the current of cathodic protection [13] in the nth interval of length of the UGP has the form
and the drop of potential on the insulating coating of the UGP [4] is
In the case where the potential decreases in the n th interval, we take the mean value of the data of measurements by the PPM device in this interval.
The results of determination of the resistivity of insulation R i according to the data of measurements by using the CCM-K and PPM devices are shown in Fig. 4 by the dashed line. The character of distribution of R i (l) is similar to the character of distribution of R mg (l).
Note that the method aimed at the determination of R i described in the present work is much simpler than the known method [2] that uses the "resistance to the spread of current in the soil" computed by solving a transcendental equation. Moreover, as a disadvantage of the known method, we can mention the fact that it gives only a certain mean value of the transient resistance of the UGP in the entire zone of action of the CPI, the boundaries of which are not clearly established. Unlike this method, the proposed method enables us to determine the distribution of the transient resistance of protective coatings in different sections, which noticeably increases the informativity of inspections of the corrosion state of UGP.
CONCLUSIONS
The method of contactless current measurements makes it possible to perform the rapid inspection and monitor the state of corrosion protection in different branches and sections of the UGP, detect anomalies of the current losses and the sites of unsatisfactory insulation, where it is necessary to perform, in the first turn, the detailed inspection aimed at the determination of the volumes of repair in order to prevent damages and prolong the service life of the UGP.
The proposed new method of simultaneous measurements of the DC and AC electric voltages enables us to determine the polarization potential (with removing of the Ohmic component), which is regarded as the main criterion for the monitoring of the electrochemical corrosion protection of the metal in conducting media. The realization of this method by using the equipment for PPM makes it possible to use this equipment also for the detection of defects in the insulation of the UGP both with the help alternating currents (by the known Pearson method) and according to the drop of potentials (gradient method) on the surface of soil.
Due to the application of the GPS modulus in the developed CCM-K equipment, we can realize the procedure of automatic recording of the geographic coordinates, the time of measuring the current, and the depth of location of the UGP, which strongly facilitates the procedures of processing and documentation of the results of inspections. We determine the distances between the points of measurement of the current by using their coordinates, which is necessary for the evaluation of the density of losses of the measured probing (alternating) current, its decay, and the transient "pipe-soil" resistance in different sections of the UGP.
The CCM in combination with PPM enables us to determine the distributions of the density of cathodic protection currents, the resistivities of the soil surrounding the pipeline (the corrosivity index of the medium), and the protective insulation in different sections of the UGP.
